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The disappearance of reactor antineutrinos in the Double Chooz experiment is used to investigate
the possibility of neutrino-antineutrino oscillations arising due to the breakdown of Lorentz invari-
ance. We find no evidence for this phenomenon and set the first limits on 15 coefficients describing
neutrino-antineutrino mixing within the framework of the Standard-Model Extension.
I. INTRODUCTION
Einstein’s theory of special relativity is based on the as-
sumption of Lorentz invariance–that physical laws are in-
dependent of the orientation and propagation speed of a
system. Despite many careful studies, there is at present
no compelling experimental evidence for the breakdown
of Lorentz symmetry [1]. However, many candidate the-
ories of quantum gravity can accommodate the sponta-
neous breaking of this spacetime symmetry [2]. These
theories have driven the development of potential Lorentz
violation models [3], as well as experimental methodolo-
gies for direct searches [4, 5]. In the process, it has been
observed that the interferometric nature of neutrino os-
cillations makes them sensitive probes, uniquely suited
to address certain models for Lorentz violation.
This study makes use of the recent observation of elec-
tron antineutrino disappearance in reactor experiments.
The Double Chooz experiment first reported an indica-
tion for the disappearance of antineutrinos propagating
∼1050 m from two 4.25 MW reactor cores [6]. The Daya
Bay [7] and RENO [8] reactor experiments subsequently
observed this disappearance at the discovery level. The
results are consistent with oscillations within a standard
three-neutrino mixing model [9, 10], where the magnitude
of the disappearance is parameterized by the mixing an-
gle θ13. The observation of electron neutrino appearance
from muon neutrino beams in long baseline accelerator-
based experiments [11, 12] is further validation of the
discovery of non-zero θ13.
We explore the possibility that the observed reactor
disappearance may have two components: traditional
three-neutrino oscillations and neutrino-antineutrino os-
cillations arising due to deviations from exact Lorentz
invariance in the neutrino sector [13]. Minute deviations
from exact Lorentz invariance could lead to violations
of the conservation of angular momentum, triggering
neutrino-antineutrino mixing. Neutrinos are not readily
detectable by the reactor experiments, which nominally
search for a coincidence signal characteristic of antineu-
trino interactions only. As a result, neutrino-antineutrino
oscillations may be exhibited as disappearance in the
data set. Isolating this additional disappearance con-
tribution requires an analysis of the antineutrino candi-
date event energy spectrum. Currently, only the Double
Chooz data can be used for this purpose, as it is the only
reactor experiment that has published and made avail-
able their measured energy spectrum with a full error
matrix.
This study complements a past test of Lorentz in-
variance performed with Double Chooz. The previ-
ous analysis involved the search for a sidereal varia-
tion among the antineutrino events. Bounds were set
on coefficients controlling Lorentz-violating antineutrino-
antineutrino oscillations using a reactor experiment for
the first time [14]. The search for neutrino-antineutrino
mixing in the present work constitutes a new test of
Lorentz symmetry in the context of the Standard-Model
Extension (SME) [15].
In its most general form, the disappearance of electron
antineutrinos is given by Pν¯e→ν¯e = 1−Pν¯e→ν¯x′ −Pν¯e→νx ,
where ν¯x′ = ν¯µ, ν¯τ and νx = νe, νµ, ντ . Since the SME
coefficients that modify antineutrino-antineutrino oscil-
lations (ν¯e → ν¯x′) have already been studied by Dou-
ble Chooz [14], we focus only on the coefficients that
generate the term Pν¯e→νx . Coefficients that produce
Lorentz-violating neutrino-neutrino and antineutrino-
antineutrino mixing have also been studied by Ice-
Cube [16], LSND [17], MiniBooNE [18], and MINOS [19].
The results are tabulated in Ref. [1].
Incorporating Lorentz violation as a perturbative ef-
fect over the dominant mass-driven oscillations leads
to neutrino-antineutrino mixing appearing as a second-
order effect [5]. The oscillation probability can be written
as
Pν¯e→ν¯e(E,SME) = P
(0)
ν¯e→ν¯e − P (2)ν¯e→νx , (1)
where P
(0)
ν¯e→ν¯e ≈ 1 − sin2 2θ13 sin2(1.267∆m2atmL/E) is
the conventional disappearance probability, parameter-
ized by a mixing angle θ13, the atmospheric mass splitting
in eV2 (∆m2atm), the distance the antineutrino travels in
meters (L), and its energy in MeV (E) [10]. This approx-
imation is valid for our analysis because the antineutri-
nos in Double Chooz travel a distance that is too short
to be significantly affected by oscillations driven by the
solar mass-squared difference; therefore, we neglect the
effects of ∆m2. In the SME, the second-order correction
is given by [5]
P
(2)
ν¯e→νx = L
2
∣∣∣∣ ∑
c=e,µτ
∑
d¯=e¯,µ¯τ¯
(M(1)xe¯ )cd¯ δhcd¯
∣∣∣∣2 , (2)
where the Hamiltonian δh encodes the coefficients con-
trolling Lorentz violation and the factors (M(1)xe¯ )cd¯ de-
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2pend on experimental parameters including location, ori-
entation, baseline, and antineutrino energy. These fac-
tors also depend on the conventional oscillation param-
eters [10]. There are 81 different SME coefficients that
can lead to independent effects in the oscillation prob-
ability, Eq. (2). In a recent study using data from the
MINOS experiment, the 66 coefficients that induce side-
real variations of the oscillation probability have been
constrained [20]. For this reason, we can remove these
coefficients from our analysis and study the remaining
15 coefficients whose time-independent effects have not
been explored to date. The component of the Hamilto-
nian that remains unconstrained has the explicit form
δhcd¯ = −i
√
2EˆZ+H˜Zcd¯ + i
√
2EˆZ+
(
g˜ZTcd¯ − NˆZ g˜ZZcd¯
)
E , (3)
where NˆZ and EˆZ+ denote the directional factors and neu-
trino polarization vector, respectively, along the Z axis
of the Sun-centered celestial equatorial frame [21], widely
used to report results of searches for Lorentz violation.
These constant factors can be written in terms of the ori-
entation of the neutrino beam (θ, φ) and the colatitude
χ of the experiment [5]. The Hamiltonian in Eq. (3) also
includes three coefficients H˜Z
cd¯
(cd¯ = eµ¯, eτ¯ , µτ¯) that con-
trol Lorentz violation while preserving CPT invariance,
and twelve coefficients g˜αβ
cd¯
(cd¯ = ee¯, µµ¯, τ τ¯ , eµ¯, eτ¯ , µτ¯
and αβ = ZT,ZZ) directing both Lorentz and CPT vi-
olation [22]. These coefficients are complex numbers and
the form of the probability (2) shows that our analysis is
sensitive to their absolute values.
The Hamiltonian in Eq. (3) involves an unconven-
tional energy dependence. Contrary to the ordinary
mass-driven oscillations controlled by a Hamiltonian
that depends inversely on the neutrino energy, Eq. (3)
shows that CPT-preserving Lorentz violation intro-
duces energy-independent oscillations and CPT-violating
Lorentz violation leads to oscillations that grow linearly
with E. For this reason, a fit to the energy spectrum
allows the potential separation of the three types of con-
tributions to the Hamiltonian due to their characteristic
energy dependence.
II. ANALYSIS
This analysis is based on a data release by the Double
Chooz collaboration, coinciding with their publication
describing evidence for non-zero θ13 [6, 23]. The analysis
uses 8249 electron antineutrino candidate events detected
over about one year with Double Chooz’s liquid scintil-
lator based far detector. The antineutrinos are detected
with the inverse beta decay reaction νep → e+n, which
creates a coincidence of signals separated in time from the
initial positron interaction followed by a delayed neutron
capture on a gadolinium or hydrogen nucleus [24]. The
dominant backgrounds are spallation products (9Li and
8He), stopping muons, and cosmic- and radioactivity-
induced fast neutrons. However, these backgrounds are
constrained with an in−situ measurement using reactor-
off data [25]. A complete description of the Double Chooz
experiment and data analysis can be found in Ref. [6].
The data release provides the collaboration’s predic-
tions for non-oscillated signal and background energy
spectra, error matrices, and data associated with the
measurement periods employed for their nominal θ13
analysis. The covariance matrices take into account cor-
related and uncorrelated uncertainties associated with
the detector response, background prediction, statistics,
and knowledge of the reactor flux. The data release in-
formation is used here in order to search for neutrino-
antineutrino oscillations and the breakdown of Lorentz
invariance. Double Chooz breaks up the data into two
“integration periods”. One period utilizes data taken
with both reactors on and one period utilizes data taken
with one reactor at <20% thermal power. The antineu-
trino spectral information then comes in terms of the
prompt positron’s visible energy from 0.7-12.2 MeV. This
is converted to antineutrino energy with E ∼= Eprompt +
0.78 MeV. Note that we employ Double Chooz’s best fit
central values and uncertainties, rather than the before-
fit predictions, from their analysis for the backgrounds,
energy scale, and atmospheric mass splitting. This is con-
sistent with the data release, prediction, and knowledge
of the reactor flux.
Before employing the data release in searching for
Lorentz violation, we successfully reproduced Double
Chooz’s θ13 result. With this confirmation, we proceed
to extract the Lorentz violating coefficients describing
neutrino-antineutrino oscillations. From the structure of
Eq. (3) we can write δhcd¯ = C
(0)
cd¯
+ C
(1)
cd¯
E in order to
fit the three factors C
(0)
cd¯
that have units of energy and
the six dimensionless factors C
(1)
cd¯
. It is important to no-
tice that the absence of a significant signal of Lorentz
violation could appear due to a rather unlikely cancel-
lation between different coefficients. Nonetheless, each
of the components of the effective Hamiltonian appears
coupled to a different factor (M(1)xe¯ )cd¯, whose convoluted
energy dependence makes any cancellation possible only
at a given neutrino energy. For this reason, the absence
of a positive signal in the entire energy spectrum used in
this study allows us to conclude that each component is
individually small; therefore, we can set upper limits on
the factors C
(0)
cd¯
and C
(1)
cd¯
by considering only one com-
ponent of the Hamiltonian at a time. As an illustration,
the contribution to the probability in Eq. (2) introduced
by the component δhee¯ takes the explicit form
P
(2)
ν¯e→νx = L
2E2 |C(1)ee¯ |2
(∣∣(M(1)ee¯ )ee¯∣∣2
+
∣∣(M(1)µe¯ )ee¯∣∣2 + ∣∣(M(1)τe¯ )ee¯∣∣2) , (4)
where the three terms correspond to the oscillation chan-
nels ν¯e → νe, ν¯e → νµ, and ν¯e → ντ , respectively. No-
tice that only the complex factor C
(1)
ee¯ appears because
the factor C
(0)
ee¯ vanishes due to the antisymmetry of the
3SME coefficient H˜αee¯ in mixed-flavor space. Similar re-
sults appear for the oscillations caused by δhµµ¯ and δhττ¯ ,
whereas the off-diagonal components of the Hamiltonian
in Eq. (3) produce modifications involving both C
(0)
cd¯
and
C
(1)
cd¯
. Due to the symmetry of the oscillation probabil-
ity equation, the µµ¯ and τ τ¯ as well as the eµ¯ and eτ¯ fit
functions and results are the same.
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FIG. 1: The observed antineutrino rate compared to the pre-
diction as a function of antineutrino energy. The ee¯ best fit
results along with the data points and Double Chooz’s θ13-
only best fit are shown.
In order to study the three-neutrino oscillation con-
tributions to the reactor signal it is advantageous to ac-
count for current constraints on θ13. Since we are test-
ing the possibility of Lorentz violation modifying the an-
tineutrino disappearance probability in Double Chooz,
it would be incongruous to use the value of this mix-
ing angle measured through the disappearance channel
in reactor experiments. We therefore take T2K’s result
sin2(2θ13)T2K = 0.088
+0.049
−0.039, given for a normal hierar-
chy, δCP = 0, ∆m
2
atm=2.4×10−3 eV2, and θ23 = 45◦,
and use it as a constraint in the fits [11]. It is likely
that the T2K and MINOS appearance measurements are
dominated by mass-based (θ13) oscillations, rather than
Lorentz violation, because they are mutually consistent
and yet have very different sensitivities to Lorentz vio-
lation themselves given their differing baselines (295 km
and 735 km) and neutrino energy spectra (<0.6 GeV>
and <3 GeV>). We do note, however, that the Lorentz-
violating oscillation of muon neutrinos into electron an-
tineutrinos could mimic the electron-like appearance sig-
nal observed in T2K. We considered this possibility and
found that the spectral distribution of the few electron-
like events in T2K disfavors this type of Lorentz-violating
oscillation because the effects of the coefficients H˜α
cd¯
and
g˜αβ
cd¯
grow with L2 and L2E2, respectively. This means
that a non-zero value of the SME coefficients would have
to be of order 10−23 or less for the result to be com-
patible with T2K data. The vastly different baselines
and energies of the antineutrinos in reactor experiments
make them largely insensitive to possible violations of
Lorentz invariance affecting long-baseline experiments.
These reasons allow us to take the T2K measurement
of θ13 to be free of Lorentz-violating effects within the
reach of Double Chooz.
We employ a least squares fitting technique for compar-
ing the Monte Carlo signal prediction plus background
expectation and the data and extracting the best fit
(BF) parameters associated with oscillations. The least
squares estimator is defined as
X2 =
∑N
ij [ri,data − Pν¯e→ν¯e(E,SME) · ri,MC ] ·M−1ij
·[rj,data − Pν¯e→ν¯e(E,SME) · rj,MC ]
+
[sin2(2θ13)− sin2(2θ13)T2K]2
σ2T2K
, (5)
where i/j is the bin number (1-36 inclusive), ri,data and
ri,MC are the data and MC expectation event count vec-
tors, Pν¯e→ν¯e(E,SME) is the energy-dependent oscillation
probability based on the Lorentz-violating model being
considered, and M−1ij is the inverse of the total error ma-
trix. A pull term constraining the value of θ13, based on
T2K’s result, is introduced as mentioned above.
The least squares estimator is minimized with the MI-
NUIT software [26] to find the best fit point with the
relevant set of SME coefficients. The best fit ee¯ results
overlaid with the data are shown in Figure 1 as an ex-
ample. Although both integration periods (18 bins in
energy each) have been simultaneously considered when
performing the fits, we report our fit results on one
combined-period plot for simplicity. The minimization
is checked and the allowed regions around the best fit
values are formed with a raster scan technique involving
the creation of an X2 map; X2 is determined for each
possible combination of parameters. We assume the min-
imum of X2 follows a χ2 distribution with ndf = 36−P ,
where P is the number of fit parameters. This assump-
tion is checked using a frequentist study, as described
below. Confidence regions are drawn based on a ∆χ2,
defined as the X2 value at each point minus the X2 at
the best fit point. For the one parameter fits [ee¯ and µµ¯
(or τ τ¯)], the 90% confidence region encloses the values
which satisfy the condition ∆χ2 < 2.71. The two param-
eter [eµ¯ (or eτ¯) and µτ¯ ] 90% confidence regions enclose
the values which satisfy the condition ∆χ2 < 4.61. The
best fit values and confidence regions for each of the fits
are shown in Figures 2, 3, and 4.
The confidence regions are verified with the genera-
tion of numerous pseudoexperiments drawn based on the
Monte Carlo expectation. The distributions are created
with the use of the full covariance matrix and represent
the statistical and systematic fluctuations expected in
data. The pseudoexperiments are generated without any
oscillations. Post-generation, the spectral distributions
corresponding to each pseudoexperiment are convoluted
with the best fit function from the relevant fit to data.
After modifying the covariance matrix to account for the
statistical error in each pseudoexperiment, the estimator
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FIG. 2: The best fit points and 90% CL regions for the ee¯
(top) and µµ¯ (or τ τ¯ , bottom) fits. The ee¯ (µµ¯ or τ τ¯) best fit
function has χ2/ndf=42.4/35 (42.6/35).
is minimized and the best fit function [Pν¯e→ν¯e(E,SME)]
is found for each pseudoexperiment sample. The best fit
values for the thousands of simulated pseudoexperiments
are then recorded on an X2 map for comparison with
the confidence regions previously formed. The fraction
of pseudoexperiment best fit points inside of the allowed
regions is found to be consistent with 90% for each of the
fits and the regions are substantiated.
Given that the 90% CL allowed regions generated
based on Double Chooz’s data encompass the null, no
neutrino-antineutrino oscillation hypothesis in all cases
considered, we conclude that there is no evidence for this
process and proceed to limit the relevant SME coeffi-
cients. The results are shown in Table I. Note that since
the fit functions are squares of the fit parameters, the
best fit points are always duplicated and the sign reversed
values are equally reasonable.
Using the location of Double Chooz as well as the ori-
entation of the detector with respect to the reactors, the
factors C
(0)
cd¯
and C
(1)
cd¯
can be written in terms of the SME
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FIG. 3: The best fit points and 90% CL regions for the eµ¯
(or eτ¯) fits. The best fit function has χ2/ndf=42.1/34.
coefficients with the form
|C(0)
cd¯
| = 0.96 |H˜Zcd¯| ,
|C(1)
cd¯
| = 0.96 |g˜ZTcd¯ + 0.29g˜ZZcd¯ | , (6)
which can be used to set limits on the three individual
coefficients for CPT-even Lorentz violation HZ
cd¯
. The co-
efficients for CPT-odd Lorentz violation gTZ
cd¯
and gZZ
cd¯
appear in pairs. Even though the fits provide upper lim-
its on combinations of these coefficients, presented in the
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FIG. 4: The best fit points and 90% CL regions for the µτ¯
fits. The best fit function has χ2/ndf=42.6/34.
last column of Table I, individual limits on the coeffi-
cients are reported after considering each one at a time
in these six combinations. We present these individual
limits for completeness in Table II. The values reported
correspond to limits on the absolute value of each coeffi-
cient; nonetheless, these limits can also be interpreted as
bounds on the modulus of the real and imaginary parts
of the corresponding coefficient.
Best fit Upper limit (90% CL)
cd¯ |C(0)
cd¯
| (GeV) |C(1)
cd¯
| |C(0)
cd¯
| (GeV) |C(1)
cd¯
|
ee¯ − 5.7 − 9.3
µµ¯ − 100 − 225
τ τ¯ − 100 − 225
eµ¯ 0.06 14 0.13 26
eτ¯ 0.06 14 0.13 26
µτ¯ 0.07 70 1.6 420
TABLE I: Best fit values and upper limits (90% CL) of the
nine factors producing neutrino-antineutrino oscillations. The
values are in units of 10−18.
− |g˜ZTee¯ | < 9.7× 10−18 |g˜ZZee¯ | < 3.3× 10−17
− |g˜ZTµµ¯ | < 2.3× 10−16 |g˜ZZµµ¯ | < 8.1× 10−16
− |g˜ZTττ¯ | < 2.3× 10−16 |g˜ZZττ¯ | < 8.1× 10−16
|H˜Zeµ¯| < 1.4× 10−19 |g˜ZTeµ¯ | < 2.7× 10−17 |g˜ZZeµ¯ | < 9.3× 10−17
|H˜Zeτ¯ | < 1.4× 10−19 |g˜ZTeτ¯ | < 2.7× 10−17 |g˜ZZeτ¯ | < 9.3× 10−17
|H˜Zµτ¯ | < 1.7× 10−18 |g˜ZTµτ¯ | < 4.4× 10−16 |g˜ZZµτ¯ | < 1.5× 10−15
TABLE II: Limits for the 15 independent SME coefficients
that produce neutrino-antineutrino oscillations. The coeffi-
cients for CPT-conserving Lorentz violation H˜Zcd¯ are given in
units of GeV and the coefficients for CPT-violating Lorentz
violation g˜αβ
cd¯
are dimensionless.
III. CONCLUSION
The reactor-based antineutrino experiments’ recent
measurement of non-zero θ13 is an important milestone
in particle physics and represents the satisfaction of the
main prerequisite for a precise determination of the CP-
violating phase in the lepton sector. These experiments
are sensitive to more than just θ13, however. The collec-
tions of electron antineutrino events can also be used as
a sensitive probe of physics beyond the Standard Model.
In the present work, we have taken the Double Chooz
results, made explicit and clear in the form of a de-
tailed data release, and conducted a search for neutrino-
antineutrino oscillations. No evidence for this exotic
process has been found and we set limits on 15 previ-
ously unexplored SME coefficients. This analysis shows
that antineutrinos in the Double Chooz experiment are
sensitive to Lorentz-violating effects suppressed by the
Planck-scale (MP ' 1019 GeV), naively expected to be
at the level of the ratio of the weak and Planck scales
(MW /MP ' 10−17) or below. The coefficients driv-
ing Lorentz invariance violation have been constrained
at the 10−19 level while CPT-violating ones have been
limited up to the 10−17 level. These values, obtained
with a reactor-based experiment, are of a similar order
as the limits obtained by the neutrino-beam experiments
LSND [17], MiniBooNE [18], and MINOS (near detec-
6tor) [19]. Nevertheless, we emphasize that the coefficients
considered in this analysis are independent and their pos-
sible effects have now been studied for the first time. This
work completes the coverage of operators in the minimal
SME producing neutrino-antineutrino mixing.
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